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METHOD AND APPARATUS FOR ASSESSING
THE QUALITY OF SPOT WELDS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of pending U.S. patent
application Ser. No. 10/454,350, filed Jun. 4, 2003.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The mvention relates to a method and apparatus for evalu-
ating the quality of a spot weld. More specifically, the mnven-
tionrelates to amethod and apparatus for determining the size
and quality of a nugget 1n a spot weld through analysis of
ultrasonic waves directed into the weld.

2. Description of Related Art

A conventional spot weld inspecting device, as shown 1n
FIG. 1, comprises a single ultrasonic probe 50, comprising a
transducer 52 and a delay line 54 having a delay line surface
56 for direction against a surface being evaluated. The probe
50 transmits an ultrasonic wave into a weld and recerves a
wave reflected therefrom. The device includes a display that
operates to receive a signal from the probe and display a
visual representation of the reflected wave.

The structure of a typical spot weld 1s shown in FIG. 1. In
this representation, two metal sheets 100, 200 are connected
by a spot weld 300. The area of the spot weld can be classified
into three general zones which the ultrasonic wave will inter-
sect:

Zone 1 corresponds to an air gap 10 between the metal
sheets;

Zone 2 1s the weld nugget 20, the diameter of which 1s to be
measured; and

Zone 3 1s a stick weld area 30, wherein the sheets 100, 200
are surface bonded without the metallurgical structure forma-
tion found in the weld nugget 20.

The weld nugget 20, zone 2, and the stick weld area 30,
zone 3, are substantially transparent to the ultrasonic waves.
This 1s shown 1 FIG. 1 by the ultrasonic echo responses
represented by rays 1, 2, 3. The ultrasonic waves are reflected
at any boundary having a change in properties, such as the
interface of a metal sheet and the surrounding air. Ray 1,
corresponding to zone 1, 1s completely reflected from the
inner face 120 of sheet 100 due to the air gap, whereas rays 2,
3 pass through zones 2, 3 and are not reflected until they reach
the opposite face 220 of metal sheet 200.

Referring now to FIG. 2, pulses S11, S21, S31 are a graphi-
cal display of the ultrasonic waves represented by rays 1, 2, 3,
respectively, as they are reflected to the ultrasonic probe 50 by
a respective surface of the metal sheet 100, 200 1n the area of
the indentation mark 70. Pulse S11 1s the first wave retlection
of a given ultrasonic pulse transmitted by probe 50. Not all of
the reflected pulse returns to the ultrasonic probe 50. Some 1s
reflected back into the metal sheet by the near face 110 of
metal sheet 100. Thus, multiple signals will be recerved for
cach wave transmitted. In FIG. 2, pulses S12, S13, S14 rep-
resent these multiple echoes 1inside the metal sheet 100. Each
echo 1s time delayed, with the time between echoes T1=2
d1/C, where d1 1s a thickness of the metal sheet 100 and C 1s

the sound velocity within the material.
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Likewise, pulses S22, S23, and S32, S33 represent subse-
quent reflections from the opposite face 220 of the spot weld
in the area of the weld nugget 20 and stick weld 30 respec-
tively. The periods of these pulses are T2=1T3=2 (d1+d2)/C,
where d2 1s the thickness of the lower sheet. The amplitude of
the signals S1, S2, S3 15 a decreasing function of time due to
attenuation of the signal as it continues to partially reflect
within the metal sheets 100, 200. The rate of decay 1s slightly
larger for S2 than for S3 because the grain structure of the
nugget 20 results 1n a greater signal attenuation than 1s found
in the stick weld area.

Thus, 11 there 1s a gap between sheets within the cross
section of the ultrasound beam 1t can be easily detected 1n the
time domain. It 1s only possible to distinguish nugget and
stick zone by analysis of the slope of the pulse trains, 1.e. the
rate of decay of the signal echoes.

When a single transducer covers several zones, the output

signal S 1s a sum of the signals S1, S2, S3 weighted by the
factors A1, A2, A3:

S=851 A1+52 A2+53 A3

where Al, A2, A3 are areas of the of the spot weld zone
with delamination (air gap 10), weld nugget 20 and stick weld
30, measured 1n a plane defined between the sheets 100, 200.

Signal S1 can be eliminated from this relationship by time
discrimination. The signals S2 and S3 are overlapping in time
domain, so 1t 1s difficult to estimate S2, 1.e. nugget spot weld
s1ze. Practically, even a skilled operator can only distinguish
the case of very good weld (A1+A3=0) and the case of very
bad weld (A2=0).

The second general problem comes from the stochastic
nature of the weld formation. The boundary between zones
with high and low attenuation 1s smooth therefore 1t 1s difficult
to predict the position where the weld material becomes
strong enough to withstand applied mechanical force. Thus
acoustically determined diameter 1s not necessary coincide
with the nugget size obtained from the mechanical destructive
test.

To separate responses S2 and S3 1t was proposed to employ
a ring-shaped probe (U.S. Pat. No. 4,208,917). The outside
diameter of the probe 1s equal to the outside diameter of the
clectrode t1p, and the 1nside diameter of the probe 1s equal to
the mimimum diameter of the weld nugget according to the
Spot Welding Standard. Thus 11 the signal recorded by this
probe demonstrates low attenuation 1t means that the sound
travels through the stick weld zone and the nugget diameter 1s
smaller than the minimum size.

Nevertheless the result of the weld test strongly depends
upon where the probe was located relative to the weld nugget
area. In addition the size of the nugget can not be measured
with this techmique.

The mechanical scanning systems with single probe (U.S.
Pat. No. 4,265,119) or several probes (U.S. Pat. No. 6,116,
090) employs the ultrasonic beam with diameter much
smaller than the minimum nugget size. These systems are
potentially able to detect the boundary between weld nugget
20 and the stick weld area 30 or the air gap 10. Nevertheless,
its usage 1s not convenient for mass production non-destruc-
tive testing because of the time-consuming mechanical scan-
ning procedure. In addition, 1t 1s necessary to apply an immer-
s1on liquid like water instead of an ultrasonic gel for sound
coupling. This 1s difficult when conducting test procedures on
tilted or vertical surfaces because of the high tluidity of the
immersion liquid.

Electronic scanning using arrays of ultrasonic transducers
allows overcoming the problems of the mechanical scanning.
An example of an apparatus using this technique 1s described
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in U.S. Pat. No. 6,072,144. The disclosed phased array sys-
tem can produce accurate weld nugget size measurement and
employs an immersion water column design and a thin film to
hold the immersion liquid. This film 1s 1n contact with the

weld surface and can be easily destroyed by the roughness of 3

the weld surface. Such limitations are not well suited for a
production level test procedure. In addition, the large differ-
ential between the acoustic impedance of steel and the immer-
s1on liquid considerably reduces the effectiveness of phased
arrays.

In the examples mentioned above, the surface of the spot
weld 1s assumed to be a pertect flat surface. It 1s also assumed
that the probes occupy stable, proper position on the metal
sheet. However, most real spot welds have irregular curved
surfaces on both sides, as shown in FIG. 1, and the metal
sheets can be deformed 1n the vicinity of the spot weld. The
real shape of the spot weld and the deformation of the metal
sheets are related to the type of welding machine and elec-
trodes, parameters ol welding process, electrode tip wear,
type and thickness of the welded material and other surface
conditions. Thus, the probe can be randomly tilted so that the
ultrasonic ray intersects the surfaces at different angles which
may not be equal to 90°. This situation 1s 1llustrated in FIG. 3,
where ray 1 intersects the upper surface of the indentation 70
at angle a and 1s retlected from the lower surface at angle 3.
Due the irregularity of each surface, the values of these angles
will generally be different for every point on the spot weld.

The transmission and retflection coelfficients of an ultra-
sonic ray are sensitive to the tilt of the surface. The amplitude
of the response signal received from the particular point
depends on the angles o, 3. Thus, the amplitude decay 1is
determined by the curvature of the indentation mark, and the
attenuation of the sound waves 1nside the weld as well. The
above-described method for nugget and stick weld size esti-
mation, based on the attenuation rates, becomes incorrect
when the surfaces are curved.

The gap between the delay line surface 56 and metal sur-
face 110 causes an additional time shift of the retlected sig-
nals. Because the signal reflections from the air gap 10 are
filtered out on a time-response basis, the varying gap between
the probe and the surface 110 can cause confusion in deter-
mimng the proper time delay. An 1nitial reflection from the
surface 110 can be mistaken for a retlection from air gap 10.
This could be especially true for a thin sheet 100 and a deep
indentation 70.

It would be advantageous to develop a non-destructive
testing method of spot welds using an ultrasonic apparatus
that displays a proper representation of the weld structure,
that 1s also adaptable for use 1n a high volume production
setting.

BRIEF SUMMARY OF THE INVENTION

The main goal of the invention 1s development of the spot
weld quality evaluation method and device for industrial and
production-level conditions. This includes measurement of
spot welds with rough and curved indentation marks. The
measurement procedure and operation with the device should
not require a hughly skilled operator and the traiming course
for new operators should be very short.

We propose a 2D Array of Ultrasonic transducers arranged
on a surface of the hard delay line. Each element can work as
a transmitter and recerver of the ultrasonic waves to test a
corresponding area of the spot weld. The opposite side of the
delay line 1s 1n contact with the surface of the spot weld
through a thin layer of ultrasonic gel to provide good acous-
tical contact. The design of the transducer allows the use of
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both the hard delay line and water column. A hard delay line
1s more preferable for industry floor application because the
thin film holding the water column 1s delicate and can be

casily torn by the rough surfaces typical to the spot weld.

The s1ze of the array 1s large enough to cover the maximum
spot weld nugget. Each ultrasonic transducer of the array 1s
small enough to produce acoustic beam with angular aperture
larger than the possible t1lt angle of the rough weld surface.
Thus, ultrasound can penetrate into weld 1n spite of curved
indentation surface.

The full data set obtained from all elements of the array 1s
processed to estimate 2D depth profile of the indentation
mark at upper and lower surfaces of the sheets. This informa-
tion 1s used to compensate for the tilt of the transducer and
curvature of the indentation by time shifting of the recerved
signals and dynamically adjusting individual gains for each
clement. In time domain, this allows separating the pulses
reflected from delamination zone between metal sheets and
the pulses reflected from front and bottom surfaces.

From estimated 2D depth profile of the indentation the
algorithm determines 2D distribution of the tilt angles and
compensates for changes in the reflection and transmission
coellicients for each element of the array. The distribution of
attenuation 1s then calculated from the slope of the signals
reflected from the bottom of the stick and nugget area. To
estimate the nugget size, the algorithm evaluates the distribu-
tion of S12 amplitudes and attenuation factors across all the
clements.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIG. 1 1s a side view of a prior art weld quality assessment
apparatus.

FIG. 2 1s a graph of acoustic waves generated by the appa-
ratus of FIG. 1.

FIG. 3 1s a further side view of the prior art apparatus of
FIG. 1.

FIG. 4 1s a side view of an apparatus for assessing the
quality of spot welds according to the invention.

FIG. 5 1s a flow chart describing the signal processing
algorithm for the apparatus of FIG. 4.

FIG. 6 1s a graph showing the signals generated by the
apparatus of FIGS. 4-5.

FIG. 7 1s a weld map generated by the apparatus of FIGS.
4-6.

DETAILED DESCRIPTION OF THE INVENTION

Retferring now to FIG. 4, the basis of the system 1s the
hand-held probe 1050 which incorporates a two-dimensional
array of ultrasonic transducers 1052 with an attached hard
delay line 1054. Detailed descriptions of exemplary two-
dimensional arrays can be found in commonly assigned U.S.
patent application Ser. No. 10/370,540, filed Feb. 20, 2003,
and U.S. Pat. No. 6,546,803, entitled Ultrasonic Array Trans-
ducer, both of which are hereby incorporated by reference.
Each ultrasonic element of the array 1052 can independently
transmit or receive the ultrasonic wave with some frequency.
During the test procedure the operator positions the delay line
surface 1056 against the surface of the spot weld. The good
acoustical contact between the delay line and metal surface of
the weld 1s achieved by ultrasonic gel or other immersion
liquid which fills the gap between named surtaces.

The array operation and signal processing 1s carried out by
a control system 1000. The pulser/recerver produces a short
clectrical pulse at a moment determined by the triggering
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signal from the controller/CPU. The output of the pulser/
receiver 1s connected to specific elements of the array by the
multiplexer, under the direction of the controller/CPU.
Excited by the electrical pulse, the transducer produces an
ultrasonic wave. This wave propagates through the delay line
and immersion, and penetrates into spot weld area. Ultrasonic
waves retlected by delaminations, inclusions, or by the bot-
tom surface of the lower sheet, travel back into the transducer
and produce electrical signals. These signals come back
through the multiplexer to the input of the recerver. After
analogue processing (amplification, filtration etc.), the signal
1s converted to the digital form by the A-D converter and
travels to the CPU for further processmg in accordance with
the invention. This procedure 1s repeated for each element of
the array.

A typical signal series received by an element of the array
1s schematically shown in FIG. 6a. Pulse YO0 1s the wave
reflected from the interface between the delay line and gel (or
immersion. This pulse 1s not directly mmvolved in routine
signal processing, however it can be used for supplementary
analysis, such as detection and exclusion/recalibration of
poorly functioning array elements in the matrix. Pulse YS
corresponds to the reflection from the surface of the metal
sheet. When the thickness of gel layer 1s small, the YS pulse
can be located close to Y0 pulse making it difficult to separate
them. However, this 1s not an obstacle for proposed algorithm

since the amplitude of Y0 1s always larger compared to that of
YS.

The pulses on graph 6a represent the multiple retlections
from the 1nternal spot weld structure and retlections from the
back surface of the second sheet. The time of tlight (TOF), 1.¢.

time delay of the Y'S pulse relative to the YO0 pulse equals to

(1)

where g 1s the thickness of the gel layer, ¢l 1s sound veloc-
ity 1n gel.

The value of TS vanes for different elements of the array
because of the tilt of the probe and curvature of the indenta-
tion mark. This value 1s determined by the Estimator of Sur-
tace Pulse TOF (see FIG. 5). To compensate this time delay
the signal from the element 1s shifted by -TS.

In practice, only relative shifting 1s important, which
means that TS must not necessarily be chosen relative to TO.
One can choose to measure time delays relative to signal
generation time, excluding T0 peak detector.

The shifted signal with the reflection from the delamina-
tion area between sheets 1s shown in FIG. 65. Here, YS1 1s the
pulse reflected from the metal surface, and YR 1s the first
pulse, reflected from the above mentioned delamination. This
pulse 1s selected by the time gate 1 and then i1ts amplitude 1s
evaluated by the peak detector. Nominal delay t1 of the time
gate 1s equal to t1=2 d1/c, where d1 1s a thickness of the upper
sheet and C 1s the sound velocity for metal. The range of the
gates must 1s chosen so that 1t tolerates variations in metal
thickness however 1t must be narrow enough to exclude pos-
sibility of detecting surface pulse, 1ts second reflection and
reflection from the bottom sheet. The output signal of the peak
detector 1s amplitude S estimated for given element of the
array.

The shifted signal of an element located above nugget or
stick weld zones 1s shown 1n FIG. 6¢. Here YS2 1s the pulse
reflected from the surface, YB1, YB2 . .. YBn are the pulses
reflected from the bottom of the weld one, two . . . n times,
correspondingly. These pulses are selected by the gates 2,

3, ..., n+]l and their amplitudes are determined then by the
peak detectors. The delays of the gates are

15=2 g/cl,

£,2t2,...,0t2, ...

2= (d1+d2)/C
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6

where d2 1s the thickness of the lower sheet. Based on
number of measured amplitudes an attenuation coellicient A
1s estimated.

Additionally, the time delay 'TB of pulse YBI1 relative to the
pulse YS2 is determined. This value 1s related to the thickness
of the deformed weld

D=1B72C.

(2)

This thickness of the deformed weld 1s shown 1n FIG. 3,

and 1s equal to the distance AB for the retlected ultrasonic
wave.

The readings and responses are recorded for each element
in the array as 1t 1s passed over the weld. Positions on the weld
surface are located by a coordinate system wherein a given
point 1s 1dentified by the coordinates (1,1). All the measured
parameters 15(1,1), TB(1,1), 5(1,), A(1,1) are thus stored in
memory. According to formulae (1), (2) the gel thickness
g(1,]) and weld thickness D(1,7) in the nugget and stick zone
are determined.

The 2D data sets g(1,1) and D(1,7) are used to correct the
measured amplitude S(1,1) and attenuation coellicient A(1,).
The algorithm of the correction can be derived from theoreti-
cal consideration, numerical simulation, or from results of an
experimental mmvestigation including neural network tech-
nique.

The corrected amplitude spatial distribution SC(1,7) 1s then
presented as an 1image on the display that shows the external
delamination area of the weld and internal possible defects
such as cracks, voids, or inclusions, as shown in FIG. 7.
Continuous repetition of the survey more than 3 times per
second creates a live image of the weld. Observing this image,
the operator can adjust a position of the probe to be sure that
the probe acquires data of interest from the entire weld area.

Nugget weld zone 1s then determined as a collection of
points (1,]) where the corrected attenuation coellicient 1s
larger than a threshold AC>A0 and the amplitude SC=0.
Because the attenuation in the weld nugget 1s greater than 1n
the stick weld zone, the points where AC<A0 and SC=0
corresponds to the stick weld zone. The average diameter of
the nugget can be estimated visually by the operator, or with
image processing, computer vision, neural network, and
other algorithms.

The relationship between visual and actual sizes as well as
threshold A0 depends on metal sheet thickness, electrode
diameter, kind of the metal and coating. These calibration
relationships are estimated 1n advance by comparing ultra-
sonic 1mages with results of the actual destructive tests of
welds.

The final assessment of weld quality, 1.e. whether a weld 1s
satisfactory for its intended purpose, 1s reached by taking into
consideration the corrected nugget size, maximum depth of
the 1indentation marks, and the size of suspected areas of
delamination (1inclusions, cracks and so on) 1nside the nugget
and stick weld zones. This decision can be made automati-
cally by comparing the obtained results with existing spot
weld standards or destructive testing.

—

T'he final readings can be streamed via a network to a host
server for storage, and can be fed back to welder controls to
improve quality control. Additionally, the necessary calibra-
tion data can be downloaded to the device through the net-
work or recall from the controller memory or input manually.

While the invention has been described 1n the specification
and 1llustrated in the drawings with reference to a preferred
embodiment, 1t will be understood by those skilled 1n the art
that various changes may be made and equivalents may be
substituted for elements thereof without departing from the
scope of the mvention as defined 1n the claims. In addition,
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many modifications may be made to adapt a particular situa-
tion or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, 1t 1s
intended that the invention not be limited to the particular
embodiment illustrated by the drawings and described 1n the
specification as the best mode presently contemplated for
carrying out this invention, but that the imnvention will include

any embodiments falling within the scope of the appended
claims.

What is claimed 1s:
1. A method for assessing quality of a spot weld, the
method comprising:

placing an acoustic probe having a plurality of ultrasonic
transducers arranged 1n a two-dimensional array on a
spot weld under test;

generating a series ol ultrasonic signals via the two dimen-
stonal array toward the spot weld and analyzing
responses therefrom to measure two dimensional pro-
files of front and back indentation marks of the spot
weld;

correcting the responses 1n accordance with the profiles;

recognizing a subset of the responses as being reflected
from delamination areas inside and/or in the vicimity of
the spot weld and separating the subset from a remainder
of the responses;

10
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measuring an attenuation factor for each of the remainder
of the responses;

recognizing a stick weld area and a weld nugget area using
the measured attenuation factors; and

presenting a two dimensional image of delamination, stick
weld and weld nugget areas of the spot weld.

2. The method of claim 1 further comprising;:

generating calibration data relating acoustic image sizes of
spot weld nuggets with corresponding actual weld nug-
get sizes; and

correcting two dimensional image of the weld nugget area
of the spot weld under test using the calibration data.

3. The method of claim 2 wherein the calibration data 1s

generated from destructive testing of a preselected plurality
ol spot welds.

4. The method of claim 1 further comprising:

adjusting a position of the acoustic probe and repeating the
method.

5. The method of claim 1 further comprising;:

estimating weld quality as a function of size of the weld
nugget, presence and size of any delamination zone
inside the weld nugget, and depths and profiles of the
front and back indentation marks.
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